The remote synchronization system RESSOX is a novel concept for a GNSS time keeping system that does not require an on-board atomic clock. RESSOX has been presented as an alternative to the classic GPS scheme and was specifically designed for the Japanese augmentation system QZSS (Quasi-Zenith Satellite System). According to the RESSOX structure, QZSS satellites will carry light and inexpensive clocks that are remotely synchronized to a main atomic clock located in the master ground station. The positioning performance of the whole augmentation system is directly influenced by the quality of the synchronization network. Moreover, there are unavoidable events that could stress the behavior of the synchronization network or periods of time when the synchronization cannot be controlled. During these periods the synchronization network cannot be utilized, and satellite clocks will have to be on their own (free-run case). This paper presents an analysis of the positioning performance of the GPS plus QZSS positioning system when anomalies in the remote synchronization scheme occurs and the RESSOX cannot be employed. QZSS satellite on-board time reference and ground atomic clock de-synchronization failures are studied, recreated and their effects on the positioning are analyzed by means of a dedicated software simulator.
Introduction
Quasi-Zenith Satellite System (QZSS) is a three satellite system conceived to provide mobile communication, broadcast and positioning service over a wide mid-latitude region. One of the goals of the QZSS is to improve positioning performances of the present global positioning system (GPS) in urban areas where high buildings could easily reduce the number of visible GPS satellites. More details on the QZSS orbit design are available from [1] . In 2002, the AIST space research group [2] began to analyze the feasibility of a novel remote synchronization system (RESSOX) for QZSS where no on-board atomic clock is employed, [3] [4] . RESSOX is based on the idea that if a good location for the control master station is chosen, each QZS could be visible/controllable during its whole orbital period (24 hours). Therefore, an all-time control/synchronization communication framework could hypothetically guarantee the accurate synchronization of the on-board QZSS satellite clock with the master station (master clock). A practical implementation of the RESSOX concept is now under study.
By means of a feedback/feed-forward loop, RESSOX keeps a lockstep the ground station time reference with the oven controlled crystal oscillators (OCXO) on board each QZS; The time reference employed in the ground station is a cesium or hydrogen maser atomic reference, and the time reference employed on board the QZS is an ultra stable OCXO. At this stage, two synchronization schematics are under study; details can be found in [5, 6] . In the following sections an analysis of the positioning performance of the RESSOX synchronization system is presented. Specifically, an analysis of the effect of de-synchronization for the on-board QZSS satellite clock and its effect on positioning accuracy is presented. Especially when QZSS satellites cross the equatorial region and satellite/ground station communications have to be interrupted to avoid interference with geostationary communication satel- Results from [8] .
lites. Different scenarios are presented and the influence on the positioning quality of on-board clocks simulated with a new software model is analyzed. Ultimately, this study represents an attempt to understand what would happen to positioning accuracy when the QZSS satellite above the equatorial region has its clock in free running.
RESSOX, synchronization interruptions
In a previous work, [8] , Tappero et al. presented an analysis of positioning accuracy when a constant bias is introduced in the RESSOX synchronization network. Fig. 1 presents the results of a simplified case where the positioning performance heavily degrades due to a QZSS satellite clock constant desynchronization. Such constant phase shift would represent an incorrect synchronization pattern due to a basic malfunction in RESSOX. Refer to [8] for more details. As raised from that previous study, the synchronization accuracy of the RESSOX network directly influences the performances of the whole QZS augmentation system. A given anomaly in the synchronization network will immediately compromise the positioning performances of the combined system QZS/GPS. Moreover, there are unavoidable events that could stress the behavior of the synchronization network. For instance, every time the QZSS satellite cross the equatorial region, communications with the ground station must be shut down for approximately 20 minutes to avoid interference with geostationary communication satellites. During these periods the RESSOX synchronization network cannot be utilized, and satellite clocks will have to act on their own. The following sections present an analysis of the positioning performance when anomalies in the remote synchronization scheme occur. A software simulator of the satellite segment, ground segment and synchronization/correction communication channel is employed to study the behavior of the GPS plus QZSS positioning system during those periods when the RESSOX is not able to provide the necessary synchronization correction and therefore the on-board OCXO is on its own.
RESSOX software simulator
A software-implemented QZSS orbit generator and a GPS positioning analysis tool have been integrated in a unique simulator called the RESSOX software simulator, perviously developed by the authors [4] . Fig. 2 shows the basic schematic of the simulator. The main objective of this tool is to calculate the user position (NMEA file and Earth fixed-coordinate positioning file) for different scenarios where GPS is combined with QZSS. The simulator can also simulate the RESSOX synchronization network by which it is possible to independently de-synchronize any of the three QZS onboard clocks and observe the effect on the positioning. The GPS orbit generator itself is not actually implemented in the simulator and thus the GPS RINEX files and the GPS SP3 file (freely available on the internet) need to be provided as input files. On the contrary, the QZSS orbit simulation module is fully implemented and thus all its orbit parameters can be chosen. From a given position (user position input block), the pseudorange (PR) of each QZSS satellite is calculated and opportunely modified according to the QZSS clock model. The PRs of all QZSS satellites in view and the PRs of the GPS satellites in view are then collected and computed in the receiver block. Before the PR file is computed a mask angle is applied for both GPS satellites and QZSS satellites. Ionospheric, tropospheric and relativistic effects are included in the QZSS orbit calculation and in the positioning calculation. The computed position is given in spherical coordinates (NMEA file) and in Earth fixed-coordinates where (0,0) represent the true user position.
QZSS satellite on-board VCXO model
As shown in Fig. 2 , the block QZSS on-board VCXO simulates the influence of the OCXO stability to the pseudorange of a given QZSS satellite. Such block is directly connected to the noise model of the on-board OCXO. As an independent module of the RESSOX software simulator, a two-state noise model (for more details refer to [9] , [10] ) for each on-board QZSS satellite clock has been developed. Fig. 3 shows how the block representation of the two-state error model has been implemented in ANSI C. The two-state noise model includes the following noise models: -Frequency random walk -Frequency white noise -Frequency drift or aging -Phase white noise All noise models have been generated according to the real behavior of the OCXO available in AIST laboratories (for more details refer to [6] ). Fig. 4 shows the Allan Standard Deviation of the simulated OCXO. the dark region represents the Allan Standard Deviation of a typical space-born OCXO available on the market. The other dark region is the Allan standard deviation of a classic space-born rubidium (Rb) clock, normally employed in GPS satellites. It is noticeable how the Rb clock shows a better long-term stability which is the reason why it was chosen as on-board time reference for GPS. On the contrary the OCXO show a strong frequency drift (aging) that represents a problem in term of long-term stability. analyze how bad positioning gets when one QZSS satellite on-board clock (simplified case) is left to free run for a certain interval of time. This is an attempt to understand what would happen during the unavoidable equatorial region interruption. Results could be also used to understand how stable the on-board OCXO has to be if the RESSOX scheme is adopted. The conditions under which this series of experiments were conducted are shown in the Table  1 . The high mask angle (40 deg) chosen for this experiments, represents the conditions where the Japanese QZSS is meant to provide the greatest positioning improvement.
Experiment one: long-term study
For this experiment the GPS was combined with QZSS. The RESSOX network was employed to keep all three QZSS satellite clocks synchronized for a certain interval of time. Fig. 5 shows the positioning performance of GPS-QZSS when no interruption in the RESSOX synchronization network occurs. This represents the ideal case and it will be considered as the reference case. A second scenario was hypothesized. This time, after a period of 20 minutes, the RESSOX synchronization network responsible for keeping the QZSS satellite near the equatorial belt (QZS-3) synchro- nized was interrupted. The OCXO clock on board QZS-3 was then left to free run for a period of about 3 and a half hours. Fig. 6 shows the positioning performance of GPS-QZSS during the whole free running period. Comparing Fig. 5 and Fig. 6 it is quite clear what is the effect of having one satellite clock out of four drifting for about 3 and a half hours. Because of the very high mask angle, typical of a urban canyon, after about 7000 seconds, a bad GDOP condition creates bad positioning. Such a case cannot be avoided unless more satellites are considered.
Experiment two; short-term study
For this experiment 26 GPS satellites were combined with 3 QZSS satellites. The RESSOX network was employed to keep the QZSS satellite clocks synchronized for a certain period of time. Fig. 7 a) shows the configuration of the satellites, sky view, at the beginning of the experiment and b) shows the sky view at the end of the experiment. Two sets of experiments were carried out. For the first experiment, the RESSOX was employed to keep all QZSS satellite clocks accurately synchronized. Fig. 8 shows the evolution of the Northing error sigma, the Easting error sigma, the RMS po- sitioning error sigma and the 2DRMS sigma over the whole period, about 4 hours. The sigma values were calculated using the last 10 minutes worth of data. In this way we could represent the evolution of positioning accuracy over time. For the second experiment the clock on the satellite QZS-3 (refer to Fig. 7 ) was left in free running after the first 10 minutes. As before the Northing error sigma, the Easting error sigma, the RMS positioning error sigma and the 2DRMS sigma was computed every 10 minutes for the whole simulation period of about 4 hours. Fig. 9 show the results over 4 hours.
Conclusions
By means of a dedicated software simulator, a positioning performance analysis of RESSOX has been presented. A new ANSI-C clock model, Fig.  3 , for the on-board OCXO has been developed and integrated in the RESSOX simulator. As shown in Fig. 4 the simulated OCXO Allan Variance totally overlap with the Allan Variance of the OCXO in our laboratories. The effect of the combination of GPS with QZSS/RESSOX was analyzed over a 4 hour period. Fig. 5 and Fig. 6 show how positioning would degrade when one of the 3 QZSS satellite clocks starts drifting. Experiments have been carried out holding a very high mask angle of about 40 degrees (4 or 5 satellites in view). This was done to simulate a total urban canyon scenario, which is where the Japanese QZSS is meant to provide the greatest positioning improvement. Because of that choice, positioning gets quite bad in periods of bad GDOP (Fig. 5, after 7000 s) . The Easting error and the Northing error clearly show the effect of the drifting, Fig. 6 . Over a period of 4 hours, the 2DRMS goes up to about 26 m, which is about 10 meters bigger that the reference case where the 2RMS is about 15.7 m, Fig. 5 . For a time dependency analysis of the 2DRMS and other parameters, the short-term experiment was carried out. Fig. 8 and Fig. 9 show what happen to the positioning accuracy (sigma) every 10 minutes. It is noticeable how the bad positioning condition after 110 minutes is just due to a bad GDOP. Neglecting that, it is noticeable a trend for the RMS positioning error and for the 2RMS which is directly related to the clock drift of the satellite QZS-3. Regarding bad satellite pseudorange detection, it is worth to remind that because of the high mask angle, visible satellites are generally about 4 or 5 and therefore RAIM techniques would not be suitable to detect the fault satellite (QZS-3). With the actual simulator, positioning results are available every 30 seconds. However the next version of the simulator will be able to deliver positioning every second, therefore we expect to be able to improve the ability of studying the time dependent effects of a drifting QZSS satellite clock.
